ABSTRACT: There have been several important outbreaks of mosquito-borne diseases in the Neotropics in recent years, particularly in Brazil. Some taxa are also considered to be indicators of environmental health. Despite the importance of understanding insect abundance and distribution to the understanding of disease dynamics and design strategies to manage them, very little is known about their ecology in many tropical regions. We studied the abundance and diversity of mosquitoes and sand flies in the Bahia State of Brazil, a point of origin for arbovirus outbreaks, including Zika and Chikungunya fever. During 2009-2014, 51 mosquito taxa were identified, belonging to three dipteran families, Ceratopogonidae, Culicidae, and Psychodidae. The family Culicidae, including the Sabethini tribe, were the most abundant (81.5%) and most taxa-rich (n=45). While season (winter and summer) was a strong factor determinant of the occurrence of the most abundant taxa, the stratification level in the forest (ground or tree level) had a strong effect and the dominant taxa at ground level were completely different from the dominant species collected at tree level. We suggest that sites with a mix of forest and agroforestry systems support the highest biodiversity of hematophagous insects as compared to highly disturbed landscapes. Journal of Vector Ecology 43 (2): 293-304. 2018.
INTRODUCTION
Many species of hematophagous insects, particularly species in the families Ceratopogonidae, Culicidae, Psychodidae, and Simuliidae, are vectors of important tropical diseases (Vasconcelos and Calisher 2016 , Cardoso et al. 2017 , Harbach 2017 . Considering the emerging arbovirus outbreaks in recent years throughout the world (Figueiredo and Figueiredo 2014 , Figueiredo and Figueiredo 2015 , Vasconcelos and Calisher 2016 , knowledge of disease vector distribution and biodiversity is essential to identify potential areas of high risk for pathogen transmission and to conduct assessments of environmental health in protected and anthropogenically disturbed areas (Navarro et al. 2015) .
Among vectors, mosquitoes (Diptera: Culicidae) are particularly prominent. Approximately 3,500 species of Culicidae have been described worldwide, and Brazil is home to about 450 species (Paula et al. 2015 , Harbach 2017 . The hematophagous Culicidae are divided into two subfamilies, Anophelinae and Culicinae. The Anophelinae are vectors of many arboviruses and Plasmodium species and the subfamily Culicinae are vectors of a great variety of arboviruses, such as yellow fever virus (YFV), dengue virus (DENV) serotypes, St. Louis encephalitis virus (SLEV), Ilheus virus (ILHV), Rocio virus (ROCV), Bussuquara virus (BSQV), Cacipacore virus (CPCV), and recently, West Nile virus (WNV), chikungunya virus (CHIK), and Zika virus (ZIKV) (Figueiredo et al 2010 , Serra et al. 2016 . In sylvatic areas, culicid mosquitoes also transmit pathogens to wild animals (Medeiros-Sousa et al. 2013) . Thus, rural communities where people, mosquitoes, and wild animals co-exist in close proximity are at an increased risk for the emergence of infectious diseases, particularly those that are vector-borne, such as arboviruses. Understanding the spatial and temporal variation in abundance and diversity of culicid mosquitoes, as well as the role of climate in shaping this variation, is important to assess disease risks in natural environments (Pinto et al. 2009 ). Furthermore, the condition of culicid populations can be used as a bioindicator for environmental health assessments (Montes 2005 , Paula et al. 2015 .
Unfortunately, the ecology of mosquitoes in many parts of the tropics is poorly understood. Even though recent outbreaks of Zika and chikungunya in Brazil can be traced back to rural areas of southern Bahia State (Brazil 2016) , little information exists about mosquito diversity, demography, or abundance. Moreover, this region contains remnants of Atlantic forest, which are home to a large number of mammals, birds, and arthropods (Ribeiro et al. 2009 , Cassano et al. 2011 ), some of which may be important for the circulation dynamics of many arboviruses (Souza et al. 2015) . The goal of this study was to investigate the entomofauna in sylvatic and rural areas of southern Bahia, Brazil, and to evaluate the effect of seasonality and the stratification level of the forest on arthropod taxa diversity. We also discuss in more detail the Culicidae that are potential bioindicators and vectors of human and wildlife diseases.
MATERIALS AND METHODS

Study area
This study was conducted in the municipalities of Ilhéus and Una, located in the southern Bahia Atlantic Forests of Brazil from 2006 to 2014 (Figure 1 ). Across this region, anthropogenic activities have resulted in a mosaic of landuse strategies. Native Atlantic forest is highly fragmented and embedded within an agricultural matrix dominated by cacao agroforestry systems, as well as plantations of rubber tree, coconut, banana, and cassava. The region also contains the Una Biological Reserve and its Buffer Zone, the Una Biological Wildlife Refuge (Alger and Caldas 1994, Sollberg et al. 2014 ). The area is surrounded by small villages where the majority of people are living by subsistence agriculture on small family-based farms. Here, people have limited access to basic infrastructure, such as electricity, potable water, sanitation, and health care (Carneiro Santos et al. 2014 , Sollberg et al. 2014 . With regards to climate, the mean annual temperature is 24° C, and annual rainfall averages 1,500 mm. Based on the average temperature over the last three decades, we define summer as the warmer and wetter part of the year, from November to April. Winter is the colder, drier part of the year from May to October (Figure 2 ). Samples were collected at seven different sites in sylvatic and rural environments (Table 1) . These sites were selected based on type of vegetation and proximity to areas where wild mammals have been monitored as part of other ecological and health studies (Oliveira et al. 2011 , Catenacci et al. 2016 ). The sites with higher amounts of primary or second-growth forests were REBIO-Una, Ecoparque de Una, and Lagoa Encantada, respectively. Three of the seven sites were sampled in both "summer season" and "winter season, " accounting for ten sampling events (Table 1 and Figure 2 ).
Mosquito sampling
The Brazilian Federal and State Entomological Services conducted the mosquito collections as part of their surveillance program from 2009 to 2014. At each site, sampling lasted between three to ten days. Each day, mosquitoes were surveyed during three time intervals: two during daylight (08:00-12:00 and 16:00-18:00) and one at night (18:00-06:00). During daylight sampling, mosquitoes were collected at ground and tree levels. At ground level, three or more team members collected mosquitoes using hand nets (polyester net bag 30 cm in diameter, attached to a 30 cm aluminum handle) constructed by the research team. At tree level, climbing equipment or a platform were used, and a trained person collected mosquitoes with a hand net at 15 m high. Adult mosquitoes were transferred immediately to Eppendorf tubes using a manual suction tube (Castro catcher, glass material with 50 length per 25 mm diameter). In the lab, these samples were stored at appropriate humidity and temperature conditions (Serra et al. 2016) . During nocturnal sampling, two non-baited automatic CDC light traps (BioQuip Products®, CA, U.S.A.) were used and mosquitoes were collected the following morning. These CDC light traps were set only at ground level, about 1.5 m above the ground.
At the field laboratory, mosquito samples were transferred to Eppendorf cryovials and frozen in liquid nitrogen. All samples were kept at -70º C in the Bahia State's Central Laboratory of Public Health until shipped by air on dry ice to the Division of Arbovirology and Hemorragic Fevers at Evandro Chagas Institute (SAARB-IEC) in Belém, PA, Brazil. At the SAARB-IEC laboratory, mosquitoes were identified using dichotomous keys (Consoli and Oliveira 1994) . They were then grouped into pools of 1-91 specimens by date, collection site, sex, and taxonomic identification. All pools were frozen and stored at -70° C in the SAARB-IEC for future arbovirus studies.
Data analyses
During taxonomic work, we assigned each individual to the lowest possible identification level possible. Not all individuals, however, could be identified to species, and some were identified to sub-genus, genus, or family level. To describe the taxonomic resolution of the dataset used, the frequency was calculated of the lowest taxonomic rank available for each insect collected. It is important to note that for the analyses in this manuscript, the term "taxonomic unit" or "taxa" is used rather than "species" and "taxonomic diversity" rather than "species diversity" because not all individuals could be identified to species level. Thus, each taxonomic name was used as a unit of analysis, but these taxonomic units may correspond to species, genera, or families.
The structure of arthropod assemblages is described using the relative abundances of each family: Culicidae, Ceratopogonidae, and Psychodidae (Schmidt and Barcellos 2007) . This was done for all data combined, as well as for each site, strata (ground-level or tree level), and season (summer and winter), separately. For the family Culicidae, calculations were performed for the relative abundances of each taxonomic unit. These data were then used to construct abundance distribution curves, which describe how common each taxonomic unit is relative to rare ones (Melo 2008) .
Next, comparisons were done of levels of taxonomic diversity in Culicidae among sites, habitats, and seasons. Because diversity within a site (or habitat or season) can be high solely owing to a larger sampling effort, we used rarefaction curves to make our measures of taxonomic richness comparable. Rarefaction is a very common statistical technique applied to biodiversity data. Rarefaction curves are produced by repeatedly re-sampling N number of individuals Table 1 . Study sites, including the dominant landscape, the municipality, and the geographic coordinates.
*Vegetation types:
a old-growth forest: forest with little or no sign of past human disturbance, a closed canopy, trees in general at least 20 m high with large diameters, bromeliads in a wide range of sizes and an extensive layer of vines; b Second-growth forest: forest with visible signs of previous human disturbance, which has been subjected to either 'general' (recovering from complete deforestation) or 'selective' logging (recovering from the cutting of selected species). Bromeliads were present, but not as often as we found in the primary forest; c Agroforestry: forest in which the undergrowth has been cut and replaced by cacao trees and other agroforestry systems, such as banana, cupuaçu, and rubber trees; d Agriculture: plantation areas, including coconut, cassava tree, passiflora, and rubber trees.
from the full pool of samples. Then, the average diversity is calculated for the all samples of N individuals. Finally, average expected diversity is plotted against an increasing value of N (Melo 2008 , Distler et al. 2009 ). Rarefaction curves were calculated to describe the observed taxonomic richness for all Culicidae in the dataset, as well as separately for each site, and each habitat by season combination. We used R (R Core team) to build the rarefaction curves.
RESULTS
A total of 7,699 individuals comprised of 49 taxa was collected, all within the families Culicidae, Psychodidae, and Ceratopogonidae ( Figure 3a) . These three insect families occurred at the same time only in the most pristine site, REBIO-Una (Site 6; Figure 3d ). Culicidae was the dominant family, being the most abundant at all sites, strata (ground level and tree level) (Figure 3b ), and seasons (winter and summer) (Figure 3c and d) .
Within the Culicidae, 46 taxonomic units were identified from the 7,534 culicids collected (Table 2 ). These were distributed among five tribes (Aedini, Cullicini, Mansoniini, Sabethini, and Uranotaeniini), and 14 genera (Coquillettidia, Culex, Mansonia, Psorophora, Aedes, Haemagogus, Limatus, Sabethes, Johnbelkinia, Runchomyia, Trichoprosopon, Anopheles, Uranotaenia, and Wyeomyia) . Sabethini was the dominant tribe, corresponding to 81.5% of individuals collected, followed by Aedini (6.8%), Mansoniini (2.9%), and Uranotaeniini (0.13%). Anophelinae represented 7.7% of samples collected. When considering all sites together, three taxonomic units showed the highest abundance: one genera Wyeomyia spp. (20.1%), one subgenera Wyeomyia (Phoniomyia) spp. (6.7%), and one species, the Limatus pseudomethysticus (39.8%) (Figure 4a ). Table 2 shows the three most dominant taxa in each combination of season and habitat, as well as each site.
Our results show no major difference in the most abundant genera identified during the dry, winter season (Table 2 ). However, considering the stratification level of the forest, the dominant taxa at ground level was completely different from the dominant species collected at tree level, independent of the season ( (Table 2) . For all sites, seasons, and habitat types, the abundance distribution curves ( Figure  4) show the classical ecological patterns where few taxa are very common, while most of the taxa in natural assemblages are rare (Melo 2008 (Table 3) .
When using rarefaction curves to compare taxonomic richness, we found that the ground level assemblages during the summer had higher richness than any other habitat/ season combination ( Figure 5b ; Table 2 ). This was followed in diversity by the winter ground level group, the summer tree level group and the winter tree level group (Figure 5b) .
In across-site comparisons during the summer, Santa Rita Farm clearly had the lowest taxonomic richness ( Figure  5c and Table 2 ), while Almada Farm had the highest number Figure 2 . Annual variation in mean temperature and total precipitation by month for each sample site. White circles represent values that were higher than the mean for each site. Grey circles represent values that were at least one standard deviation higher than the mean for each site. Season specification determined by this data. Summer is defined as November through April. Winter is defined as May through October. of taxonomic units. These differences among sites almost completely disappear during the winter (Figure 5d ). However, richness in winter was lower when compared with the same sites during the summer (Figures 5c and 5d ).
DISCUSSION
Abundance of hematophagous insects and the importance of culicids for public health
As expected, the three families of insects (Psychodidae, Ceratopogonidae, and Culicidae) were present in the most pristine study site given that better conserved areas will support increased insect richness due to the variety of resources, hosts, breeding sites, and microhabitats ( TaipeLagos and Natal 2003, Pinto et al. 2009 , Nnko et al. 2017 , Sawalha et al. 2017 . Psychodidae, the sandflies family, are vectors for leishmaniasis (Dias-Lima et al. 2003 , Sawalha et al. 2017 ) and more than 21 species of arboviruses, including Phlebovirus . Ceratopogonidae is similarly known to transmit some arboviruses, including the Oropouche virus (Mellor et al. 2000) . One of the reasons to explain the lower abundance of the Ceratopogonidae in cacao agroforestry systems is their inability to breed in cacao peels, the main substrate left by the farmers after extracting seeds from the cacao fruit. Even though many species in the Psychodidae family prefer humid habitats and dense vegetation, they are also capable of tolerating areas with less humidity and vegetation cover than Ceratopogonidae (Müller et al. 2011 , Sawalha et al. 2017 . Given that individuals from the Psychodidae family are present in four of the seven surveyed sites, further studies should investigate the occurrence of leishmaniasis and arboviruses in insects and humans that live near those sites to evaluate disease transmission and exposure risks.
Almost 10% of the Brazilian culicid taxa are distributed in southern Bahia, with Sabethini as the most dominant tribe. This tribe is almost entirely Neotropical (Cardoso et al. 2010 , Navarro et al. 2015 and most taxa seem to be zoophilic but will opportunistically bite humans both in the forested and non-forested areas. However, these mosquitoes are found more commonly in areas of old-growth or secondary-growth forest with little human alteration and may be considered environmental health bioindicators (Paula et al. 2015) . Culicids should be considered one of the most important emerging and re-emerging disease vectors (Navarro et al. 2015) to be investigated because of their high abundances and ongoing arbovirus outbreaks in humans and wild animals (Vasconcelos and Calisher 2016) . 
Evidence of forest stratification in the composition of the most common Culicidae mosquitoes
Vertical stratification, a marked preference for different heights within the vegetation, was expected for the Sabethini tribe. This is so because most taxa in this tribe breed in tree holes, bromeliads, and palm axils (Forattini 1995) . However, as found in other studies, some Sabethine , such as Li. pseudomethysticus and Wyeomyia spp., prefer to use the ground level of the forest, depositing eggs in natural substrates (e.g., bamboo, bromeliads, and fruit peel) or in artificial receptacles left by humans on the ground (Guimarães et al. 1985) . This breeding behavior could explain their higher abundance at the ground level at the sites studied. Arboviruses have been isolated for these two taxa, including Eastern equine encephalitis virus; however, little information about their role as arbovirus vectors has been reported.
The high occurrence of Hg. (Hag.) janthinomys, Sa. (Sbo.) chloropterus, and Wyeomyia (Pho.) spp. at tree level was expected since they show affinity for forest canopies (species termed "acrodendrophilic"). These taxa lay eggs almost exclusively in bromeliads (Guimarães et al. 1985 , Forattini 1995 , Pinto et al. 2009 , which are more frequently located high on the trees (Gomes et al. 2010, Guimarães and Arlé 1984) . Furthermore, Hg. (Hag.) janthinomys and Sa. (Sbo.) chloropterus are primatophilic, i.e., most often obtain blood meals from monkeys, which typically live at tree level (Guimarães et al. 1985) . Previous studies showed that the circadian activity of mosquito vectors may be related to the resting periods of their hosts (Galindo 1958) . Guimarães and Victório (1986) ) chloropterus females towards their hosts between the late morning hours and the early afternoon, a period of the day that corresponds to resting time for monkeys, the preferred hosts for these species. However, as found in other studies, these mosquitoes are also capable of using the forest floor, which was observed at the REBIO-Una and Lagoa Encantada sites (Guimarães et al. 1985 , Gomes et al. 2007 , Pinto et al. 2009 janthinomys are an important vector of yellow-fever and Mayaro virus in sylvatic environments (Davis 1930 , Thoisy et al. 2003 , Almeida et al. 2014 , while species of Sabethes are considered potential secondary vectors of yellow fever virus in Central and South America along with other arbovirus such as SLEV and ILHV (Forattini 1995) . As described by Gomes et al. (2010) , species from the genus Sabethes were present in almost all of the same sites as Haemagogus sp. and Sabethes chloropterus.
Culicidae diversity in natural and anthropogenically modified habitats
Culicids are of interest not only from an epidemiological perspective, an aspect that has been amply discussed in the literature, but also because some taxa may be used as bioindicators of environmental health. The usefulness of mosquitoes as bioindicators is readily apparent if one assesses the extent of change that has occurred in a particular region and, at the same time, observes the increase or decrease or disappearance of a particular taxon (Paula et al. 2015 ).
Although we did not study the demography of mosquito species, we compared the richness and abundance of taxa across sites with different management histories. The richness of culicids and the high abundance of the Sabethini tribe suggests that sites with both fragments of Atlantic Forest and cacao agroforestry systems (capable of maintaining characteristics of sylvatic environments) support biodiversity better than highly disturbed environments. Despite the fact that Sabethini tribe mosquitoes are found in areas of oldgrowth or secondary-growth forest with no or little human alteration (Paula et al. 2015) , some species from this tribe, such as Li. durhami, are associated with areas inhabited by humans because eggs and larvae of this species are frequently found in artificial breeding sites such as plastic bottles (Guimarães and Arlé 1984) . Our study corroborates the findings by both Guimarães and Victório (1986) and Guimaraes and Arlé (1984) who report Limatus species present in sylvatic environments and human modified environments, respectively.
Furthermore, the exclusivity of some culicids species in the most pristine forest fragments, the lower relative abundance of the genus Aedes in these sites, and the presence of anophelines in all sites corroborate the idea that fragments of Bahia Atlantic Forest close to managed agroforestry systems support biodiversity better than highly disturbed environments. For example, Ae. serratus, found in almost every study site, has been preferentially captured in sylvatic environments in other studies (Forattini 1995) . In natural conditions, this species can be infected with STLV, Oropouche, Aura, and Trocara virus in Amazon forests. It is also considered the vector responsible for the sylvatic cycle of ILHV in other regions of Brazil (Cardoso et al. 2010) . Additionally, Ae. scapularis is commonly captured in environments modified by humans, while reports on Ae. fulvus occurrence report them in forested areas with reduced human activity (Forattini 1995) , as we found in the present study. In Brazil, anophelines are generally common in rural and wild environments, but they are rare in urban areas. This is likely due to species requirements for special environmental conditions, such as bromeliads as breeding sites (Pittendrigh 1950 , Guimarães et al. 1985 , Cardoso et al. 2012 , Paula et al. 2015 . The relationship between anophelines and the presence of favorable human-made habitats or habitats that keep bromeliads and water storage containers may contribute to the maintenance of the population of these species in all study sites.
The high abundance of large bromeliads in the region (Catenacci et al. 2009 , Fontoura et al. 2010 , which serve as breeding sites, the tall trees that make up the canopies, and the abundance of wild fauna that still populate these areas (Cassano et al. 2009 ) all likely contribute to the biodiversity of vectors in the study sites. According to Nnko et al. (2017) , the distribution and abundance of vectors is determined by the interplay of three factors: suitable climatic conditions, habitat for development, and the availability of hosts for food.
Even though forest fragments and agroforestry systems in southern Bahia are able to maintain high diversity of mosquitoes and the complex interactions among vectors-pathogens-wild hosts in nature, continued deforestation and an increase in the extent of cattle ranching has resulted in drastic changes in the landscape matrix. These changes can directly impact vector populations, which can lead to a high prevalence of certain species with a higher capacity for arbovirus transmission resulting in outbreaks of arboviruses both in people and wild animals, as has been reported in other regions of Brazil (Lima et al. 2010 , Pauvolid-Corrêa et al. 2010 . Because of this, carrying out an entomological investigation on the species composition of Culicidae assemblages in sylvatic and rural areas can help highlight the importance of keeping natural areas in an anthropic environment matrix by showing the biological richness of these arthropods (Paula et al. 2015) .
Seasonality affects mosquito diversity
Previous studies have suggested that the structural complexity of an environment has an important effect on the insect diversity and composition (Pittendrigh 1950 , Pinto et al. 2009 , Braga et al. 2010 . The high abundance of large bromeliads in the study region (Catenacci et al. 2009 , Fontoura et al. 2010 , which serve as breeding sites, the tall trees that make up the canopies, the abundance of wild fauna that still populate these areas (Cassano et al. 2009 ) likely also contribute to the observed biodiversity of vectors. However, even for sites that contain the same key characteristics, small variations in environmental conditions can affect the diversity of insects (Pittendrigh 1950 , Pinto et al. 2009 ). As described in other studies, the high humidity and temperature of summer allows for an increase the relative abundance of insects because these conditions promote the occurrence of breeding sites ( Pittendrigh 1950 , Paterno and Marcondes 2004 , Pinto et al. 2009 , Sawalha et al. 2017 . Usually, in the wet tropics, epizootics and epidemics of mosquito-borne diseases are associated with the onset of the rainy season, when the population densities of vectors are higher. Pinto et al. (2009) also observed in a tropical forest that the number of culicid mosquitoes was higher during the rainy season and lower at the start of the dry season, both at canopy and ground level. Additionally, a wide range of mosquitoes have the capacity to maintain their eggs in a quiescent stage under poor conditions until the environmental situation improves, which usually coincides with the summer/rainy season. The importance of habitat and season to explain the diversity of entomofauna might increase if we consider microhabitat variations among sites that could influence the development of immature insect stages, such as water salinity, water movement, water pollutants, etc. (Pittendrigh 1950) . These complexities could help explain the difference in richness between seasons, habitat, and sites in the present study, even for sites with similar vegetation.
In summary, our study suggests that fragmented forest areas, followed by agroforestry systems in southern Bahia host high sylvatic mosquito diversity and low abundance of the main genus of culicid that is important for public health, Aedes spp. However, the importance of native fauna that is established in forested and managed areas should not be underestimated, because various taxa in these areas already have both the competency and capacity to transmit important pathogens to wild animals, and many of them have not been studied. Haemagogus janthynomys, and others, have shown a capacity for living in rural and sylvatic environments, as have species in the Sabethini tribe, increasing contact with humans and the risk of emerging arbovirus infections. The limited literature on entomofauna in the state of Bahia, the fact that some of the hematophagous arthropods identified in this study are considered significant vectors, and the considerable human and wildlife interactions in the region warrant continued studies on the diversity and abundance of hematophagous insects in other areas of the state.
